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Introduction
The production of liquid fuels from renewable resources is one way of reducing our dependency on fossil fuels. One of the methods that can be used is the gasification of biomass such as energy crops, agricultural waste and forest residues. The gas produced can then be processed to provide synthesis gas that can be used for the production of liquid fuels such as methanol or Fischer-Tropsch diesel.
The composition of the gas produced by gasification is highly dependent on the type of gasifier, the operating conditions and the feedstock used. The major components of the gas are CO, CO 2 , H 2 , H 2 O and N 2 , when air is used for gasification. The gas may also contain non-negligible amounts of lower hydrocarbons (C 1 -C 3 ) and tars, as well as traces of H 2 S, COS, NH 3 and HCN. If synthesis gas is to be produced, the hydrocarbons present in the gas must be converted to CO and H 2 . Catalytic techniques are not suitable for this conversion due to the contaminants present in the gas, mainly sulphur. Conventional catalysts used for reforming purposes are usually nickel-based and are highly susceptible to sulphur poisoning [1] [2] [3] . A non-catalytic technique, for instance, partial oxidation, for converting the hydrocarbons is therefore an interesting alternative. The major drawback of using non-catalytic partial oxidation (POX) is that higher temperatures are required than in auto-thermal reforming (ATR) or steam reforming (SREF), making the process more energy demanding. In order to avoid this problem, a reverse-flow reactor system has been suggested. This concept was first reported for the combustion of low calorific gases, and has been extensively studied over the years [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Several industrial applications of the technique exist, mainly as regenerative thermal oxidation, for the removal of volatile organic compounds and regenerative catalytic oxidation.
A reverse-flow system consists of a reactor filled with a granular material with high thermal capacity which acts as a heat buffer. Two heat buffers are placed on either side of a reaction zone that requires a high temperature. If a cold gas is flowed into the first (hot) heat buffer, the gas heats up and at the same time, the buffer is cooled down. The gas then enters the reaction zone where heat is released from the gas to the packed bed due to partial oxidation of the gas. The hot gas flows from the reaction zone through the second (cold) heat buffer and heats the buffer and cools the gas. Heat is effectively transferred from the first to the second heat buffer. When the flow is reversed, the heat is moved back to the first heat buffer and the cycle is completed. The flow direction is reversed periodically, when the outlet reaches a specified temperature, the switching temperature, during operation. Eventually, a pseudo-steady-state temperature profile is established, with a high temperature in the middle of the reactor and a lower temperature at the inlet and outlet.
This paper presents a mathematical model of a reverse-flow process for reforming a gasifier product gas to produce synthesis gas. To the best of our knowledge, this is the first paper presented on partial oxidation of a gasifier product gas using the reverse-flow concept. Previous work in this field has been focused on partial oxidation of pure methane or natural gas [18] [19] [20] [21] [22] . The reforming of a gasifier product gas presents unique challenges as the gas contains not only methane but also hydrogen and other hydrocarbons. Simulations were performed to identify the best reactor design and the effects of varying the operating parameters for future experimental studies.
The mathematical model
The reverse-flow reformer is a plug flow reactor with an inert packing material. The packing consists of spherical particles and its role is to act as a heat buffer. The packing material used during simulations is sintered α-alumina. In order to model a dynamic system such as the reverse-flow reformer, it is important to accurately model the kinetics of the reactions taking place. It is also important to describe the system in sufficient, but not excess, detail. Making the model more detailed than necessary will result in a high degree of complexity, making the simulations very time-consuming, thus counteracting the purpose of modelling.
The reverse-flow reformer is described by a model designed to accurately simulate the dynamic behaviour of the reactor. The gas phase is modelled as a series of tank reactors, in this case 31. This simplifies the mass balances and the energy balance for the gas phase, making the calculations less demanding. The composition of the outgoing stream from each tank is used as the composition of the ingoing stream in the following tank in the series. In order to solve the system for the solid phase, the partial differential equation expressing the energy balance must be discretized in space. The second-order derivative is approximated by a centred-difference approximation.
The simulations were performed using a C++ program due to its advantages over scripted programs. A pre-compiled program can be optimized upon compilation allowing the use of several CPU floatingpoint and vector math operation enhancements, whereas a script requires an interpreter, and is therefore limited by the speed of interpretation. This becomes clearer in programs that perform several million mathematical operations. A third-party library, Cantera, was used to calculate thermodynamics and kinetics. The differential equation solver used was DASPK3.0 [27] .
Kinetics and thermodynamics
Cantera is a free library using C++ which also supports MATLAB and Python. Cantera uses the GRI-Mech 3.0 mechanism to describe the kinetics [23] . This mechanism consists of 53 species and 325 reactions, and was originally designed to model the combustion of natural gas. The GRI-Mech 3.0 mechanism was optimized for the following conditions: temperature 1000-2500 K, pressure 1.3-1000 kPa and an equivalence ratio (the ratio of fuel to oxidiser) of 0.1-5 for premixed systems. This mechanism has been shown to give results that agree well with experimental data obtained from reforming processes [24] .
Mass balances
The mathematical model describing the plug flow reactor consists of one mass balance Eq. (1) for each component. A dispersion term and a convection term are included in the mass balance for each component, as well as the contribution from the reactions.
See the notation for an explanation of the variables and constants used. As the gas phase was modelled as a series of tank reactors this expression is further simplified, see Eqs (2) and (3). Cantera's general reaction model solves one mass conservation balance for the reactor, and one species conservation balance for each component included in the reaction mechanism. The total mass in the reactor changes due to the flow through the inlet and outlet and as a result of the homogeneous reactions that take place in the reactor, as described in Eq. (2) .
where m is the mass of the components in the reactor. The rate of change of each component, k, is described by Eq. (3).
where x k is the mass fraction of each species.
Energy balances
The energy balance for the solid material consists of a conduction term and a heat transfer term. In the general model describing the energy balance for a plug flow reactor, a term for heat transfer is also included in the energy balance of the gas phase, since heat transfer occurs between the solid and the gas phase. Only convective transport is included in the gas phase since this dominates due to the high gas flow rate through the reactor, and the contribution from conduction can thus be considered negligible. The energy balance for the gas phase also contains the heat of reaction for all reactions taking place since the system is considered non-catalytic and all reactions are assumed to take place in the gas phase.
Solid:
Gas:
For the solid phase, a second order derivative is included for the heat conduction. As the gas phase was modelled as a series of tank reactors Eq. (5) is further simplified. The energy conservation balance for the gas phase, solved by Cantera for each reactor in the reactor network, is described by Eq. (6) .
where U is the total internal energy of the reactor, P is the pressure in the reactor, V is the volume of the reactor, αS(T g − T s ) is the heat transfer term and h is the enthalpy.
Initial conditions and boundary conditions
The initial conditions and the boundary conditions for the mathematical model describing the plug flow reactor are given below.
When the simulation starts, the gas and the solid have the same temperature over the length of the reactor, described by the function f (z):
At the inlet, the gas has the same temperature as the incoming gas:
At the inlet, the solid temperature derivate is given by the difference between the solid temperature and the incoming gas temperature:
The concentration derivate, for each component, at the inlet is given as the difference between the actual concentration and the concentration in the incoming flow:
At the exit the temperature derivate is set to zero:
At the exit the concentration derivate is set to zero:
As the gas phase was modelled as a series of tank reactors the boundary conditions described above for the gas phase were not used as Cantera solves the mass and energy balances. Table 1 Compositions (%) of the gases used in the simulations. The gasifier product gas composition is typical for that produced with a pressurised circulating fluidised bed [26] . The natural gas composition was that given by a gas supplier
Component
Gasifier product gas Natural gas N2 -0 
Evaluation criteria
Two different gas compositions were tested to evaluate the capabilities of the regenerative reformer, a typical producer gas from gasified biomass, and for comparison, natural gas. The compositions of the gasifier product gas and the natural gas are given in Table 1 .
The reformer efficiency was defined based on the lower heating value (LHV) as:
LHV CO+H2out is the combined LHV of CO and H2, which are the desired end products. LHV total in is the combined LHV for all components in the inlet gas stream.
In the case of natural gas, the enthalpy of the additional steam was added to LHV total in . Both the methane conversion and the efficiency in the reactor must be considered when determining the effects of the different parameters. If the steam-to-carbon ratio in the gas is too low, the equilibrium becomes unfavourable and the potential methane conversion is too low, but at the same time requires less heat for steam generation. High steam-to-carbon ratios, on the other hand, reduce the soot formation and the equilibrium favours a higher methane conversion. Industrial POX reactors usually produce some soot, although this can be controlled somewhat by steam injection [25] . Since a POX reactor is simply an empty tube, any soot that forms is removed from the gas after the reactor when the gas is quenched with water to bring down the temperature. However, in the case of reactors containing catalysts or other packing material, soot formation can cause clogging, leading to considerable pressure drops over the reactor. Since the efficiency calculations include the energy in the steam, and because additional steam is needed to reform natural gas, the efficiency for natural gas is generally lower. It is therefore difficult to compare the efficiency of a methane-rich gas such as natural gas, with that for a lean gas such as gasifier producer gas.
Results
Most reverse-flow reactors have the oxygen inlet in the middle of the reactor. This has the advantage of only requiring one inlet, but only half of the reactor volume can be utilized. It was decided to insert pipes into the reactor such that oxygen could be added to either end of the wider section of the reactor (see Fig. 1 ). Oxygen is initially admitted at the end nearest the inlet. When the direction of flow is changed, oxygen is instead admitted at the end nearest the outlet, which becomes the current inlet. The final design of the reformer is summarized in Table 2 , which also gives the inlet gas flow and temperature and the switching temperature used for all simulations.
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In order to investigate the performance of the system when reforming a gasifier product gas under different conditions, simulations were conducted for different amounts of oxygen and at different pressures. Because the amount of steam in the gasifier product gas is determined by the gasifier, the steamto-carbon ratio in the gasifier product gas was not varied. In the natural gas simulations, the amount of oxygen added was varied, as well as the steam-to-carbon ratio, as steam has to be added to natural gas in order to reform it. The results of the simulations for the gasifier product gas are presented in Figs 2-4 , while the results for the natural gas simulations can be seen in Figs 5-6. The cycle times for the gasifier product gas simulations were in the range 5-6 minutes and for natural gas 7-8 minutes. Figure 2 shows typical profiles for species mole fractions and gas temperature from a simulation of gasifier product gas reforming. (The temperature of the solid bed is the same as the temperature of the gas.)
The reactor can be divided into three sections: the heat buffers at both ends and the central reaction zone, between the oxygen inlets. Following the inlet, from left to right in Fig. 2 , the inlet gas cools the first heat buffer in the reactor before entering the reaction zone (first peak), where the temperature is increased. As the temperature increases through the reactor, in the first heat buffer, lower hydrocarbons such as ethylene are reformed; this is also where the first soot formation would occur. The indication of soot formation can be seen in the figure as ethylene (C 2 H 4 ) is reacted to create acetylene (C 2 H 2 ) and H 2 . Methane, which is the most stable hydrocarbon, does not react until the temperature is above 1400 K. In the reaction zone, after oxidation, the temperature decreases due to endothermic reactions. Methane is effectively reformed by steam and CO 2 , giving H 2 and CO. The second peak defines the beginning of the reaction zone when the direction of the flow is reversed. When the gas enters the second oxidation zone, the water-gas shift reaction changes the composition slightly, and most of the remaining hydrocarbons are reformed.
However, the reactor is never at steady-state. Even if the concentration profiles becomes rather stable, the temperature profile continues to develop until the change of flow direction. Therefore, the Fig. 2 shows just a snapshot of the reactors dynamic behaviour. Instead a pseudo-steady-state is defined. This occurs when the patterns, the temperature and concentration profiles, becomes identical for each repeated cycle. The recorded values in this section are taken during psuedo-steady-state operation. The maximum temperatures reported in Figs 3-6 , are the maximum peek temperatures (see Fig. 2 ) obtained during pseudo-steady-state operation. Figure 3 shows the change in reactor efficiency, methane conversion and maximum temperature (T max ) for different oxygen inputs from 0.06 to 0.07 mole fraction of the total inlet mole flow.
It can clearly be seen that the methane conversion increases, as does the efficiency, as the amount of oxygen injected increases. However, there is a point at which increasing the amount of oxygen does not increase the efficiency, as more of the feed gas will be oxidised into carbon dioxide and water, increasing the temperature.
Varying the reactor pressure, while keeping the inlet flow constant, changes the residence time as can be seen in Fig. 4 .
The short residence time at atmospheric pressure results in a low conversion of methane and higher temperature, as the endothermic reforming reactions are less evident. Increasing the pressure, i.e. in- creasing the residence time, increases the reforming rate, which reduces the reactor temperature. A reduction in the reactor temperature decreases reforming, which results in lower methane conversion at higher residence times. Figure 5 shows the reactor efficiency, the conversion of methane and the maximum temperature in the reactor for natural gas reforming, as a function of the oxygen added.
Natural gas, which contains more methane and thus requires more energy for reforming, also requires more oxygen than leaner gases such as gasifier producer gas. As in the case of gasifier product gas (Fig. 3) , increasing the amount of oxygen added to the process increases the temperature and the methane conversion, resulting in higher reactor efficiencies. However, at the highest value of oxygen added, 0.16, the temperature in the oxygen inlet zone exceeds 1723 K, which could lead to thermal runaway. Figure 6 shows the reactor efficiency, the conversion of methane and the maximum temperature in the reactor as a function of the steam-to-carbon ratio for the natural gas simulations.
The simulations were run at a constant oxygen-to-carbon ratio. It can be seen that the result of increasing the steam-to-carbon ratio is an increase in the reactor temperature, due to the decrease in energy input, which has a positive effect on the conversion. Increasing the steam-to-carbon ratio is also better for the equilibrium, which explains why the methane conversion as a function of steam-to-carbon ratio is not as linear as the conversion is for varying oxygen amount. Increasing the steam-to-carbon-ratio has a negative effect on the efficiency (with steam) as more steam is required, which can be seen in the figure as the gap between the efficiencies increase with increasing steam-to-carbon-ratios, but at the same time, it reduces soot formation. The efficiencies, with and without steam, can be considered to be two extremes. In an industrial application, the heat carried by the exit gas can be utilized, increasing the efficiency with steam somewhat.
Conclusions
This paper presents the results of simulations of a reverse-flow reformer for reforming a gasifier product gas for the production of synthesis gas. Results are also presented for natural gas reforming for comparison.
Gasifier product gas contains a relatively low amount of methane and higher hydrocarbons, and a sufficient amount of steam for high methane conversion. When natural gas is used as feed, additional steam must be added to the inlet in order to achieve an acceptable conversion of methane. It is also necessary to increase the residence time as the concentration of methane increases. The reactor designed seems well suited for reforming the methane present in a gasifier product gas. Processing gases with high methane contents, such as natural gas, requires more heat than gases with low methane contents, and the regenerative reformer, with the chosen design, is therefore not as well suited for reforming natural gas.
The two most important parameters for the reforming of methane are the reactor temperature and residence time, both of which are dependent on a number of other parameters, such as the oxygen inlet flow, reactor dimensions, reactor pressure, etc. It was difficult to compare the cases of gasifier producer gas and natural gas as the temperature in the reactors differed. Natural gas reforming requires more energy, in absolute terms, as it contains more methane, which lowers the temperature in the reaction zone more than in the case of gasifier producer gas. The temperature falls faster, in the case of natural gas, as more methane is present, requiring either longer residence times or more oxygen to be added, resulting in higher reactor temperatures. However, it is not practical to increase the temperature beyond 1700-1800 K as this is close to, or above, the melting point of most materials that could be used as bed material and reactor lining. A higher reactor temperature also consumes more of the chemically bonded energy in the outgoing gas and thus lowers the efficiency.
The assumed composition of the gasifier producer gas was typical for that of a pressurised circulating fluidised bed, but the reactor should be suitable for reforming any gas containing 0-10 vol-% methane. 
